Background/Aims: Muscle disuse can lead to muscle atrophy and impaired skeletal muscle function. How skeletal muscle modulates protein translational signaling in response to prolonged muscle disuse is not well understood. Using the hindlimb unloading (HU) model of muscle atrophy we examined how hindlimb unweighting affects protein translational signaling, including the activation of Akt/mTOR/p70S6K/S6 signaling and the inhibitory association of 4EBP1 with translation initiation factor eIF4E. Methods: Male F344BN rats were randomized into baseline control, or subjected to HU for 3, 7 or 14 days. Body weight, gastrocnemius muscle, and individual myofiber cross-sectional area were measured to evaluate the degree of muscle atrophy. The amounts of myosin and related muscle contractile proteins were assessed using SDS-PAGE and immunoblotting. Microarray analysis was used to evaluate changes in the mRNA expression of muscle contractile proteins. Total and phosphorylated proteins of Akt/mTOR/p70S6K/S6 pathway were determined via immunoblotting, while the association of 4EBP1 with eIF4E was detected via co-immunoprecipitation. Results: Unloading for 3 days significantly reduced cytosolic myosin content and was associated with increased binding of 4EBP1 to eIF4E, while prolonged unloading (14 days) was associated with the activation of Akt/mTOR/p70S6K/S6 signaling, decreased binding of 4EBP1 to eIF4E, increased cytosolic myosin and elevations in myofibrillar mRNA levels. Conclusion: Taken together, these data suggest that prolonged muscle disuse induces a biphasic translational signaling response that is associated with diminished and then increased muscle contractile protein expression.
Introduction
Muscle disuse such as that encountered during extended bed rest, muscle immobilization or spaceflight can lead to muscle atrophy and impaired muscle function [1] [2] [3] . The loss or accumulation of muscle contractile protein is determined by the balance between muscle protein degradation and synthesis. The Akt / mTOR (the protein kinase B / mammalian target of rapamycin) pathway is an important regulator of protein synthesis and plays a critical role in the stimulation of myocyte growth [4, 5] . The regulation of protein translation by Akt/mTOR signaling is effected through the phosphorylation (activation) of p70S6 kinase (p70S6K) which functions to phosphorylate / activate the S6 ribosomal protein, and the phosphorylation (inactivation) of the eukaryotic translation initiation factor eIF4E binding protein-1 (4EBP1) [6] [7] [8] . Once phosphorylated, 4EBP1 undergoes dissociation from eIF4E which allows for the initiation of mRNA cap-dependent translation [9] [10] [11] . The phosphorylation and interaction of molecules thought to participate in the regulation of muscle atrophy produced by hindlimb unloading are not well understood.
The rat and mouse hindlimb unloading (HU) models have been widely used to study the muscle atrophy associated with disuse and weightlessness [1] [2] [3] . Herein we examine how HU for fourteen days affects the expression of muscle contractile proteins and the regulation of protein translational signaling. We hypothesized that HU would initially cause a down regulation of protein translational signaling but that prolonged HU would be associated with activated protein translational signaling as the muscle began to remodel the sarcomere. We found that muscle contractile protein levels and the activation of translational signaling were diminished during the acute phase of unloading (0-3 days) but that 14 days of HU stimulated an increase in the abundance of muscle contractile proteins in myofibrillar soluble fraction, with this latter event appearing to be regulated, at least partially, by the activation of Akt/ mTOR/p70S6K/S6 pathway and decreased 4EBP1-eIF4E interaction. These data provide new information regarding the molecular signaling of muscle remodeling during decreases in contractile loading.
Materials and Methods

Materials
Primary antibodies of myosin heavy chain, M8421 and MF-20, were from Sigma-Aldrich (St. Louis, MO) and Developmental Studies Hybridoma Bank (Iowa City, IA), respectively. Dystrophin primary antibody (NCL-DYS2) was purchased from Novocastra Vector Laboratories (Burlingame, CA). Antibodies for Akt (#9272), phospho-Akt (Thr308) (pAkt-Thr308, #9275), phospho-Akt (Ser473) (pAkt-Ser473, #9271), mTOR (#2972), phospho-mTOR (Ser2448) (p-mTOR, #2971), p70S6 Kinase (p70S6K; #9202), phosphop70S6 Kinase (Thr389) (p-p70S6K; #9205), S6 ribosomal protein (#2217), phospho-S6 ribosomal protein (Ser235/236) (pS6, #2211), 4EBP1 (#9644 and #9452), phospho-4EBP1 (Thr37/46) (#9459), eIF4E (#2067), GAPDH (glyceraldehyde 3-phosphate dehydrogenase, #2118), secondary antibodies (anti-rabbit (#7074) or anti-mouse (#7076)) that was conjugated with horseradish peroxidase (HRP) were from Cell Signaling Technology (Beverly, MA). Pierce tissue protein extraction reagent (T-PER), Pierce protein assay reagent (#22660), GE Healthcare Amersham ECL™ Western Blotting Detection kits (RPN 2106 and RPN2135) were from Thermo Fisher Scientific Inc. (Rockford, IL). Protein A/G PLUS Agarose (sc-2003) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The PAGEr Gold Precast gels (10% and 15%) were from Lonza (Rockland, ME). RAPIDstain™ for protein staining based on Coomassie dye was from G-Biosciences (St. Louis, MO). VECTASHIELD HardSet Mounting Medium with DAPI was purchased from Vector Laboratories (Burlingame, CA). Dual Color protein molecular weight marker was from BioRad (Hercules, CA). Protease inhibitors (#P8340), phosphatase inhibitors (#P5726), Laemmli 4 × sample buffer, poly-lysine and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Tincture of Benzoin aerosol spray was from Professional Packaging Corp (Aurora, IL 
Animals, hindlimb unloading procedure and tissue collection
The experimental procedures and animal care were approved and conducted in accordance with the Institutional Animal Care and Use Committee at Marshall University. Fischer 344/NNiaHSd x Brown Norway/ BiNia F1 hybrid rats (F344BN; Male, aged 3 months and weighed 324.7 ± 6.3 gm) were obtained from the National Institute on Aging (Bethesda, MD). Rats were housed in an AAALAC (Association for Assessment and Accreditation of Laboratory Animal Care International)-approved vivarium with 12 h-12 h light-dark cycle and maintained at 22 ± 2°C. Food and water were given to the rats ad libitum. Before experimentation, animals were allowed to recover from shipping stress and acclimate to the housing facilities for 2 weeks.
Animals were randomly assigned into four groups of four animals each (N = 4): baseline control, hindlimb unloading for 3, 7 and 14 days (HU3, HU7 and HU14, respectively). Muscle atrophy was induced via a hindlimb unloading procedure developed by the NASA Ames Research Center [3] . Briefly, animal tail was cleaned with alcohol, and then allowed to dry before applying the Tincture of Benzoin. After the Benzoin was dry, Skin-Trac adhesive traction strips were applied on two sides of the tail up to 2/3 tail length. The body of animal was suspended about a 30° angle from the cage floor to assure that the both hindlimbs did not touch the grid floor. The suspended animal was free to move and rotate 360° using forelimbs, and had free access to food and water. Total food consumption was measured and the daily food intake was calculated.
After completion of unloading procedure, animals were anesthetized using a ketamine-xylazine (4:1) cocktail (50 mg/kg, i.p). Body weight was recorded. Gastrocnemius muscle was removed from anesthetized rats, weighed, frozen in liquid nitrogen, and stored at − 80 °C. The middle cross-section of gastrocnemius muscle (~ 2 mm thickness) was used for tissue section, while the rest of gastrocnemius muscle was pulverized using a Bessman tissue pulverizer (Spectrum Laboratories; Rancho Dominguez, CA), mixed well and aliquoted for protein and RNA extractions.
Determination of myofiber cross-sectional area (CSA)
Gastrocnemius muscle was serially sectioned (8 µm) using an IEC Minotome cryostat, and collected on glass slides coated with poly-lysine. Immunohistochemistry with anti-dystrophin antibody was performed as described previously [12, 13] . Myofiber CSA was determined by tracing the outline of dystrophin-stained fibers using the ImageJ program (http://rsbweb.nih.gov/ij/) as outlined elsewhere [13] . The distribution of myofiber CSA was plotted with Vertical Box and Whisker Plots, and multiple comparisons were used to determine differences of means between groups.
Microarray analysis
Total RNA was isolated from gastrocnemius muscles of HU3 and HU14 rats using the Qiagen RNeasy Mini Kit. RNA concentration was determined using a Nanodrop spectrophotometer and the integrity was assessed using an Agilent 2100 Bioanalyzer. The amplified RNA (aRNA) preparation was performed using the Amino Allyl MessageAmp™ II kit as detailed by the manufacturer. The aRNA was then coupled to either a Cy3 or Cy5 Maleimide mono-Reactive dye. After purifying with an RNeasy MinElute Cleanup Kit and determining the concentration, Cy3 and Cy5 labeled targets were used for microarray hybridization using a CodeLink™ Rat Whole Genome Bioarray, which was printed with ~34,000 transcripts and EST's including ~29,000 well substantiated rat genes. The array was repeated with three independent replicate slides. Image acquisition was performed using a Gene Pix 4100 DNA Microarray Scanner (Agilent Technologies) at 635 nm and 532 nm wavelength to detect emission from Cy3 and Cy5 photoreactive dyes, respectively. Up-and down-regulated transcripts in each array were determined using the Ratio of Medians with a lower cut-off threshold of 2.0 and an upper cut-off threshold of 0.5, respectively.
Extraction of total myofibrillar proteins and analysis by SDS-PAGE
The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) coupling with silver staining was used to determine the abundance of myosin-related proteins in gastrocnemius muscle. Whole myofibrillar protein fractions were prepared using a sample buffer containing 8 M urea and 2 M thiourea in order to dissolve and extract all myofibrillar proteins as described previously [14] . Proteins were Cellular Physiology and Biochemistry separated using 12% polyacrylamide gels in Hoefer SE600 gel units and run at constant current (25 mA/ gel) as described [15] . The gels were fixed using 50% methanol / 10% acetic acid and then silver-stained using a solution containing 46 mM silver nitrate as outlined previously [14, 15] . Gels were scanned using a Hoefer model GS 300 densitometer equipped with GS365W software (ver. 3.01). Myosin heavy chain (MHC), myosin light chain-1 fast and -2 fast (MLC-1F and 2F), and troponin isoform C, I and T (TnnC, TnnI and TnnT) were identified based on molecular size and band migration pattern [15] .
Extraction of cytosolic proteins and analysis by SDS-PAGE
The cytosolic (soluble) proteins were extracted from a proportion of pulverized gastrocnemius muscle using a mild buffer, T-PER, which contained phosphatase inhibitors (P5726; 1:100) and protease inhibitors (P8340; 1:100) as described previously [12, 16] . Protein concentration was determined using a Pierce 660 nm protein assay reagent (#22660). The proteins were boiled in the Laemmli 4 × sample buffer for 5 min. Proteins were separated using 10% or 15% PAGEr Gold Precast gels, and the gel was stained with RAPIDstain™ for protein staining based on Coomassie dye, and scanned for further densitometry analysis.
Immunoblotting analysis
Immunoblotting analysis was performed to detect target proteins as detailed previously [13, 17] . Briefly, T-PER prepared protein samples were separated on the PAGEr Gold Precast gels, and then transferred to nitrocellulose membranes. After incubating with primary antibody at 4 °C overnight and secondary antibody for 1 h at room temperature, target proteins were visualized following reaction with ECL™ Reagents. The abundance of target protein was quantitated using AlphaEaseFC image analysis software (Alpha Innotech, San Leandro, CA) and then normalized to GAPDH. The relative abundance of phosphorylated protein was normalized to its total protein and the GAPDH.
Determination of eIF4E / 4EBP1 association
The interaction of 4EBP1 with eIF4E was determined by co-immunoprecipitation as described elsewhere [16] . Briefly, 200 mg of T-PER prepared protein homogenate (180 µL) was incubated with eIF4E primary antibody (1:50 dilution) and protein A/G PLUS Agarose (20 µL) overnight at 4 °C. Agarose beads were then collected via an 8,000 g centrifugation for 30 sec at 4 °C, and washed with 500 µL of ice-cold T-PER buffer with protease and phosphatase inhibitors for three times. The protein bound with beads was released by boiling in 40 µL of Laemmli 2 × sample buffer for 5 min. Twenty microliters of each supernatant were subjected to immunoblotting analysis for 4EBP1 detection.
Data analysis
Results are presented as mean ± standard error (SE). The effects of unloading were analyzed using the SAS GLM procedure (SAS Institute Inc., Cary, NC). Multiple comparisons using the Tukey-Kramer test were performed to determine differences between groups. The level of significance accepted a priori was ≤ 0.05.
Results
Muscle mass and myofiber cross-sectional area
Hindlimb unloading resulted in loss of body weight (P ≤ 0.05; Fig. 1A ). The ratio of gastrocnemius muscle / body weight was not statistically different between baseline control and HU rats for 3 days, while prolonged unloading for 7 and 14 days progressively decreased the muscle / BW ratio (P ≤ 0.05; Fig. 1B) . Myofiber cross-sectional area (CSA) was not different between the control and 3-day unloaded animals, while it became progressively decreased in the 7-and 14-day unloaded animals (P ≤ 0.05; Fig. 1C ). Compared to the baseline control animals, daily food intake in the unloaded animals was less(P ≤ 0.05; Fig. 1D ).
Myofibrillar transcript expression
Compared to that observed in the 3-day unloaded animals, microarray analysis demonstrated that the mRNA expression of 272 genes was increased, while expression of 812 genes was decreased in the HU14 muscle. The abundance of mRNA transcripts for myosin and actin and several other myofibrillar proteins was increased over 2-fold after 14 days of unloading compared to that observed in animals that had been subjected to unloading for 3 days (Table 1) . Liu 
Myosin-related proteins in whole myofibrillar proteins
In an effort to extend our microarray data, we next examined how unloading affected the expression of myofibrillar proteins. To this end, we used a protein extraction buffer containing 8 M urea and 2 M thiourea that was specifically formulated to extract all myofibrillar proteins [14] . Myosin heavy chain, actin, myosin light chain and troponin isoforms were separated and identified using a 12% SDS-PAGE gel. Compared to control animals, myosin light chains (including MLC1 and MLC2) and troponin isoform I (TnnI) were more abundant after 14 days of unloading (Fig. 2) .
Myosin in myofibrillar cytosolic fraction
It has been suggested that the myofibrillar soluble protein fraction is altered with muscle growth or atrophy [18] . To examine this possibility, soluble proteins were isolated using a mild T-PER extraction buffer and subjected to SDS-PAGE. Coomassie staining suggested that the protein abundance at ~ 200 kDa was significantly decreased in the 3-day HU animals, while it was increased in the 14-day HU samples (P ≤ 0.05; Fig. 3A) . As the molecular weight of myosin heavy chain is around ~ 200 kDa, we further used a myosin-specific antibody (M8421 from Sigma-Aldrich) to detect the difference of myosin in the myofibrillar soluble protein fractions. As shown in Figure 3B , the abundance of myosin heavy chain was decreased in the 3-day HU muscles, while it was increased in the soluble protein fractions from the Fig. 2 . Effect of hindlimb unloading on muscle contractile proteins in gastrocnemius muscle. Total muscle protein was prepared, as described in Methods, and subjected to SDS-PAGE, followed by silver staining. Due to size limitations associated with a 15-well comb only 3 baseline protein samples were loaded. MHC: myosin heavy chain; MLC1 and MLC2: myosin light chain-1 fast and -2 fast; TnnC, TnnI and TnnT: troponin C fast, I fast and T fast. ab: Groups without the same letter are significantly different (P ≤ 0.05).
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry 7-and 14-day HU rats. This result was further verified using another anti-myosin antibody (MF-20; Developmental Studies Hybridoma Bank), and the identical result was found (data not shown).
Phosphorylation of Akt/mTOR signaling
Compared to the control animals, the phosphorylation of Akt at both Ser473 and Thr308 was not changed in the gastrocnemius cytosolic soluble protein fractions obtained from the 3 and 7 days of HU animals, while it was increased in the animals that underwent HU for 14 days (P ≤ 0.05; Fig. 4A ). The phosphorylation of mTOR at Ser2448 was not changed in the 3-and 7-day HU muscles, while it was increased in the 14-day HU muscles (P ≤ 0.05; Fig. 4B ).
Phosphorylation of p70S6K / S6 signaling
The phosphorylation of p70S6K at Thr389 was not changed in the gastrocnemius cytosolic soluble protein fractions from 3-and 7-day HU rats, while it was increased in the 14-day HU animals, when compared to that in baseline control (P ≤ 0.05; Fig. 5A ).
The phosphorylation of p70S6K-target S6 ribosomal protein at Ser235/236 was not changed in the 3-and 7-day HU muscles, while it was increased in the 14-day HU muscle (P ≤ 0.05; Fig. 5B ). Total proteins of both p70S6K and S6 ribosomal protein were decreased after 14 days of unloading (P ≤ 0.05; Fig. 5 ).
Phosphorylation of 4EBP1 and association of 4EBP1 with eIF4E
Compared to that seen in control rats, gastrocnemius cytosolic total 4EBP1 protein was increased in the 14 days of HU rats (P ≤ 0.05; Fig. 6A ). The abundance of phosphorylated 4EBP1 (Thr37/46) in the day 7 and day 14 HU rats was higher than that found in the control animals (P ≤ 0.05; Fig. 6A ). Co-immunoprecipitation experiments demonstrated that 4EBP1 bound to translational initiation factor eIF4E was increased in the gastrocnemius muscle of day 3 HU rats when compared to baseline control animals of rats, while it was decreased in the 14-day HU muscle (P ≤ 0.05; Fig. 6C ). The abundance of eIF4E total protein was not different between groups (P = 0.3; Fig. 6B ).
Discussion
Muscle disuse from extended bed rest or prolonged spaceflight / weightlessness is associated with muscle atrophy and impaired muscle function [1] [2] [3] . The adaptations of skeletal muscle to decreased mechanical loading are complex and involve changes in muscle mass, muscle protein expression and the transition from oxidative to glycolytic muscle fiber types [1-3, 19, 20] . It is thought that these changes in muscle phenotype are mediated by altering the relative balance between protein synthesis versus degradation [21] [22] [23] . Although short term muscle unloading has been shown to not alter the activation of Akt signaling in humans [24] , how longer durations of muscle unloading may affect protein translational signaling such as the interaction between translational initiation factor eIF4E and 4EBP1 has not been investigated. Here we demonstrate that hindlimb unloading for 3 days significantly reduced cytosolic myosin content and increased the inhibitory binding of 4EBP1 to eIF4E, but not Akt/mTOR/p70S6K/S6 pathway signaling (Fig. 1, 3, 4, 5 and 6 ). Conversely, prolonged muscle disuse for 14 days was associated with the decreased myofiber size (CSA), and increases in the amount of soluble myosin which appeared, at least partially, to be mediated by the activation of Akt/mTOR/p70S6K/S6 signaling and the decreased repression of 4EBP1 on eIF4E. Taken together, these data suggest that the duration of muscle unloading has differential effects on the activation of protein translational signaling.
Consistent with earlier studies [1, 2] , we observed progressive decreases in body weight, muscle-to-body weight ratio and myofiber cross sectional area in the rat gastrocnemius muscle with increased duration of unloading (Fig. 1) . In addition to changes in muscle mass and myofiber size, we also investigated the effects of muscle unloading on myosin expression given its pivotal role in modulating muscle contractility [25] . On the basis of prior work showing that sarcomeric remodeling occurs via the continually ordered diffusion of new monomeric myosin subunits into the existing sarcomere [26] we chose to examine how muscle unloading may regulate the total and cytoplasmic pools of myosin. Similar to previous report examining the regulation of myosin with hindlinb unloading in the gastrocnemius [27] , our analysis of myosin expression using total protein extracts failed to show significant differences in whole myosin content with hindlimb unloading (Fig. 2) . Conversely, when we examined the effects of hindlimb unloading on the amount of cytosolic myosin we found a significant decrease in acute phase (3 days of unloading) while we observed an increase of the amount of cytosolic myosin after seven and fourteen days of hindlimb unloading (Fig. 3) . These results, when considered together with our findings using the total protein extracts, suggest that the acute response to muscle unloading is characterized by a rapid loss of muscle soluble contractile proteins while prolonged unloading is associated with increased myosin expression. The reasons for this response are not entirely clear. However, it is possible that this mechanism may have arisen to provide for the maintenance of contractile function in the presence of declining muscle mass and mechanical loading.
To examine whether other genes associated with the contractile apparatus might also be regulated in a similar fashion, we next performed gene expression profiling using microarrays containing ~34,000 genes. Consistent with others' work in unloaded soleus [19] , our microarray analysis indicated that the abundance of several mRNA transcripts including muscle contractile proteins (such as myosin and actin) and regulatory proteins (such as nexilin and troponin) were increased over 2-fold in gastrocnemius muscle that had been subjected to 14 days of unloading when compared to that in HU3 muscle (Table 1) . It is likely that several mechanisms may be involved in the regulation of muscle contractile protein levels during atrophic remodeling, including changes in protein degradation and synthesis [21] [22] [23] . Although a number of studies have examined the regulation of muscle protein degradation during muscle unloading, we chose to investigate the regulation of protein translational signaling given its pivotal role in muscle remodeling and re-growth. It has been suggested that nutritional status can affect protein synthesis [28, 29] . To evaluate whether altered food consumption may have contributed to changes in muscle cytosolic contractile protein contents observed here, we measured food consumption during the unloading and calculated the amount of daily food intake. We found that 3-day unloaded animals had less daily food consumption than those 7-and 14-day unloaded rats (Fig. 1D) , which is in parallel to those changes in muscle cytosolic contractile protein contents (Fig.  3) . Given that mTOR signaling plays critical roles in nutrient sensing [28, 29] , regulating protein synthesis and stimulating myocyte growth [4, 5] , we focused on understanding how signaling through this pathway may be altered in response to muscle disuse. Akt kinase resides upstream of mTOR by phosphorylating the Ser2448 residue of mTOR [30] , while Akt enzyme activity is regulated by the phosphorylation of its Ser473 and Thr308 residues [13, 31] . Consistent with our observed changes in cytosolic myosin protein (Fig. 3B) , we found that the phosphorylation of both Akt and mTOR appeared to be diminished during the acute phase of muscle disuse (0-3 days) before becoming increased during a prolonged disuse phase (7-14 days) (Fig. 4) . Taken together, these data sugges that prolonged unloading eventually results in the reactivation of the Akt/mTOR pathway, where it might function to stimulate protein synthesis as a countermeasure to prevent further muscle loss.
To further understand the physiological significance of the increased Akt/mTOR activation seen in the 14-day unloaded muscle, we next determined the phosphorylation of two critical mTOR-substrates, p70S6K and 4EBP1. It is thought that the phosphorylation of p70S6K at Thr389 by mTOR functions to activate S6 ribosomal protein, a 40S ribosomal subunit component critical for the increased translation of ribosomal proteins and elongation factors required to promote the synthetic potential of the cell [6] [7] [8] . Supporting the changes that we observed in Akt/mTOR signaling, phosphorylation of both p70S6K on Thr389 and S6 Fig. 7 . Summary of alterations in muscle contractile proteins and protein translational signaling in response to acute and prolonged muscle disuse. When skeletal muscle experiences disuse, it initially increases the repression of 4EBP1 on translation initiation factor eIF4E, although the phosphorylation of Akt/mTOR/p70S6K/S6 pathway is unaltered (Acute phase of disuse; Brown square dot line). However, when muscle undergoes prolonged disuse and loses significant amount of muscle mass (atrophy), phosphorylation of both Akt/mTOR/ p70S6K/S6 and Akt/mTOR/4EBP1 pathways are activated, and the repression of 4EBP1 on eIF4E is decreased, resulting in increased expression of muscle contractile proteins to promote sarcomeric remodeling in atrophic muscle (Blue solid line). Open arrow (→) indicates increase or activation, while stopped line (┴) suggests decrease or inhibition. (Fig. 5) . Although the mechanism of how changes in ribosomal proteins and elongation factors modulate the activation of Akt / mTOR / p70S6K / S6 signaling are not well understood, our data suggest the increased activation of p70S6K / S6 signaling appears to compensate for the progressive loss of total S6 ribosomal protein with prolonged muscle unloading (Fig. 5B) . Nonetheless, how this increase in Akt / mTOR / p70S6K / S6 signaling contributes to protein synthesis in disused muscle remains to be further determined. Binding of the translation initiation factor eIF4E to the mRNA 5'-cap structure is critical for the initiation of protein translation [32, 33] and the process is inhibited when eIF4E is sequestered by its binding protein 4EBP1 [11] . Recent data have suggested that this repression can be relieved by the phosphorylation of 4EBP1 by mTOR which leads to the dissociation of 4EBP1 and eIF4E and activation of cap-dependent translation [9, 10] . Consistent with our findings of increased phosphorylation of the Akt / mTOR / p70S6K / S6 pathway, we found that the phosphorylation of 4EBP1 at Thr37/46 was increased in the 7-and 14-day unloaded muscles (Fig. 6A) . To examine the potential functional consequences of these data we next performed co-immunoprecipitation experiments to examine the association between eIF4E and 4EBP1. As expected from our 4EBP1 phosphorylation data, we found that the binding of 4EBP1 to eIF4E was increased in the 3-day unloaded muscle, while it was significantly decreased in the gastrocnemius muscles for the 14-day unloaded animals (Fig.  6C ). This shift in 4EBP1-eIF4E interaction during muscle disuse to our knowledge has not been previously reported, but is consistent with other studies which examined the long term muscle atrophy seen with aging [16] , chronic spinal cord-injury [34] and cancer cachexia [35] , and supports the possibility that phosphorylation of the Akt/mTOR/4EBP1 pathway and the disassociation of the 4EBP1-eIF4E complex during prolonged unloading functions to stimulate protein synthesis and prevent further muscle loss (Fig. 7) .
Conclusions
In summary, unloading-induced muscle atrophy is characterized by a biphasic protein translational signaling response. Specifically, the initial unloading phase (0-3 days) is associated with diminished cytosolic myosin content and repression of 4EBP1 on eIF4E, while prolonged disuse atrophy is associated with increased expression of myosin and other myofibrillar proteins and the activation of translational signaling, including activation of Akt/mTOR/p70S6K/S6 pathway and diminished inhibition of eIF4E by 4EBP1 sequestration (Fig. 7) . These findings provide new insight into how protein translational signaling is modulated during atrophic remodeling and may lead to new countermeasures to diminish the deleterious effects produced by prolonged muscle disuse. 
